In the Hawaiian Islands, there is a distinct resident community of micronekton, distributed along a narrow band where the upper underwater slopes of the islands meet the oceanic, mesopelagic environment. This mesopelagic boundary community serves as an important food resource to many animals. The goal of this work was to examine spatial heterogeneity of the Hawaiian mesopelagic boundary biomass at a range of scales, in the context of its diel vertical and horizontal migrations. A modified echosounder was used to sample the coasts of three Hawaiian Islands, permitting a range of scales from several meters to several kilometers to be assessed rapidly. The Hawaiian mesopelagic boundary community fits the hierarchical model of patch structure with patches within patches that are part of a largerscale matrix of patches. Large differences in the overall distribution patterns of the mesopelagic boundary community exist along with a wide range of overall mesopelagicanimal densities. High animal-density locations have boundary-community layers with a large (kilometers) horizontal extent, and low animal-density locations have small (tens of meters), discrete patches. Higher animal-density locations are also more complex than lowdensity sites, with more levels of patchiness within the same range of spatial scales. Both time of day and distance from shore significantly affected the geometric and density characteristics as well as the distribution of aggregations within the boundary layer. Horizontal and vertical structures of the mesopelagic boundary community are also coupled. In highdensity sites, there is strong vertical layering in acoustic-scattering strength while in low-density sites vertical acoustic structure is absent. The differences observed in the distribution of the mesopelagic boundary community at different levels of overall mesopelagic-animal density suggest biological forcing as the dominant mechanism. A description of heterogeneity in the mesopelagic boundary community in Hawaii is the first step in understanding its importance to both neritic and oceanic ecosystems and its potential for linking these two systems.
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Introduction
In ecological studies of the ocean, it has been found that its properties and populations are neither uniformly nor randomly distributed in space, but are in patterns that vary with time (Farquar and Holliday, 1977) . All ecological systems exhibit heterogeneity at a broad range of scales, with patches (significant spatial variation; Downes, 1990) in oceanic biomass observed at scales of less than 1 m (Davis et al., 1991) to several kilometers (Mackas et al., 1985) . The variability of an ecosystem in space and time is usually one of its most important features, influencing both practical problems of sampling and conceptual questions about its structure (Steele, 1976) . The development and maintenance of spatial and temporal patterns and the consequences of those patterns for the dynamics of populations and ecosystems are fundamental themes in ecology (Levin, 1992) . The consequences of these patterns of heterogeneity on biota are many, affecting population dynamics, trophic interactions, community organization and stability, and the cycling of elements (Levin, 1992) .
Like most ecosystem components (Mangel and Adler, 1994) , mesopelagic micronekton has been observed using net samples (Pearcy, 1971; Pearcy and Mesecar, 1971; Johnson, 1977) and submersible observations (Barham, 1971) to be clumped or patchy. Acoustic observations by Greenlaw and Pearcy (1985) showed that mesopelagic micronekton formed an extensive layer with an extent of 65 km or more. They concluded that inter-patch intervals on the level of the coarse patch found by Haury et al. (1978) are likely. For micronekton, patchiness is not merely a random variation in their environment, but is probably an essential requirement for obtaining adequate concentrations of food (Steele, 1976) . However, while assessment of plankton patchiness at fine scales is common, specific information on the distribution of micronekton is limited primarily to the estimation of error.
Research on the causes of patchiness has focused on plankton, organisms that have been presumed to have little or no mobility, which have been modeled as passive particles. Numerous studies have demonstrated regulation of plankton by physical oceanographic processes (see reviews in Powell, 1984 and Demers, 1984) . The emphasis on passive particles has limited research on the biological causes of patchiness in the ocean, such as the causes of pattern categorized by Hutchinson (1961) : reproductive, interactions between parents and offspring; social, intra-specific signaling between individuals; and coactive, intra-specific actions such as competition, predation, and parasitism. Because micronektonic animals are capable of large-scale movement, as shown by their large diel migrations, the behaviors of the animals are likely to be an important cause of patchiness in their distributions. Oceanographic forcing, i.e. currents, upwelling, tides, etc., may also affect micronekton patchiness indirectly by creating spatial variability in the richness and suitability of the environment, particularly of food resources.
In Hawaiian nearshore waters, there is an islandassociated community of mesopelagic micronekton, termed the mesopelagic boundary community (Reid et al., 1991) . This distinct resident community of micronekton is distributed along a narrow band where the upper slopes of the underwater portion of the islands meet the oceanic, mesopelagic environment. This community, comprising various species of fishes, shrimps, and squids, some of which undergo diel vertical and horizontal migrations , has a composition unique to the boundary region (Reid et al., 1991) . The mesopelagic boundary community is an important component of the coastal ecosystem in Hawaii, having been found to be important prey for tuna (He et al., 1997) , billfish (Skillman, 1998) , bottomfish (Haight et al., 1993) , and spinner dolphins (Norris et al., 1994) . Myctophids and other vertically migrating micronekton also appear to account for most of the consumption of zooplankton prey (Clarke, 1973) . Patchiness in the mesopelagic community off Hawaii has been shown from the earliest studies. In 1969, Holton noted that lanternfishes, one of the primary components of the Hawaiian mesopelagic community have an extremely patchy distribution. More recent studies in Hawaii have also noted that large differences in abundance and distribution of mesopelagic biomass were observed over horizontal space (Reid, 1994) . However, the inherent biases of the trawling studies used made it impossible to determine the scale of the patchiness.
Boundary communities, land-associated communities of specifically adapted, resident populations, are probably globally distributed (Reid et al., 1991) . The spatial dynamics of boundary populations are important for understanding the effects of these communities on interactions between neritic and oceanic ecosystems. A description of spatial pattern is also critical in understanding the scope of intra-and inter-specific interactions and the reactions of individuals and communities to their physical environment (Haury et al., 1978) . The goal of this work was to examine the spatial heterogeneity of the Hawaiian mesopelagicboundary biomass at a range of scales, in the context of its vertical and horizontal migrations. Because trawling is not effective in assessing spatial and temporal heterogeneity of the boundary layer with fine resolution (Koslow et al., 1997) , we used active acoustics to sample the distribution of the boundary layer off three Hawaiian Islands. Acoustic sampling permitted the rapid assessment of the distributional heterogeneity at a range of scales from several meters to several kilometers.
Methods

Surveys
The coasts of three Hawaiian Islands were surveyed acoustically to determine the distribution of the mesopelagic-micronekton biomass at sites approximately 1 and 3 km from the shoreline. Off each island, transects parallel to shore were located 1.0-1.3 km from the shoreline (inshore) or 2.8-3.0 km from the shoreline (offshore)-these distances from the shore are called ''distance classes'' later. The survey vessel traveled 2.6 m s ÿ1 (5 knots) over the bottom. Transects were surveyed for 1 h, at 1.5 h intervals between 1800 and 0400 h, local time. Sampling was conducted primarily during dark periods because the mesopelagic boundary community has a well-documented diel vertical migration, and would be too deep (400-1200 m) to be detected by the acoustic system during daylight hours (Struhsaker, 1973; Amesbury, 1975; Reid et al., 1991; Reid, 1994) . Sampling took place during first and last light to measure the temporal boundaries of the community and to measure the background levels of the density of other organisms.
The Waianae coast of Oahu, Hawaii, was sampled acoustically between 1800 and 0100 h using a 10-m vessel, in the period May 1-8, 2001 . One 9.3-km (5-nm) long -5, 2001 . Two offshore and three inshore transects off the Kona coast were sampled for 1 h at 3-h intervals during the first cruise and 90-min intervals during the second cruise between 2100 and 0400 h. The 68-m NOAA vessel, Ka'imimoana, was used to survey areas off the south and west shores of Lanai, between 15 and 18 January 2000. Two transects were 1.8 km (1 nm) and two were 5.6 km (3 nm) long. One of each transect length was located at each of the two distance classes. Each transect was surveyed for 1 h beginning at 2100, 2230, and 0000 h. Off the Kona coast of Hawaii, transects oriented perpendicular to the shore were sampled between 2200 and 0000 h, and 0100 and 0300 h during the 1999 cruise. These transects began 1 km from the shoreline, and ended approximately 4 km from the shoreline, or at the outer edge of an encountered patch of mesopelagic animals. They covered the same 35 km along the shoreline as the parallel transects.
Acoustic data collection
Acoustic data were collected using a Computrol, Tournament Master Fishfinder NCC 5300 modified to read directly into a laptop computer . The envelope of the echo was digitized at a sampling rate of 5 or 10 kHz using a Computer Board PC DAS16/12-AO or a Rapid System R1200. Data acquisition was initiated by the trigger of the echosounder and data were collected in blocks representing 156 m of the water column. The echosounder uses a 200 kHz outgoing signal with a pulse rate of 4 per second and pulse length of 130 ls. The transducer's signal is a downward pointing, 10-degree cone. The transducer was mounted on a towfish that ''flew'' 0.3 m beneath the surface of the water, regardless of the ship's speed over water. Beaufort Sea State was 0-2 during all sampling. See Benoit-Bird et al. 
Patches
The Webster method (Webster, 1973) was used to determine the edges of patches and gaps in the mesopelagic boundary community. The outermost boundary defined the patch off Hawaii and southern Oahu where the background density of mesopelagic animals was zero. Off northern Oahu and Lanai, where the background density was not zero, and for areas within primary patches off Hawaii and southern Oahu, internal boundaries determined the secondary, or internal heterogeneity, areas within the patch that are significantly patchy. A 2 m þ 2 m horizontal or vertical window was employed to determine discontinuities in the density (Figure 1 ). This technique averages the density observed in each 2-m window, reducing the statistical fluctuation in the scattered field, and then looks for differences between the windows with a t-test using the standard deviation of the entire sample as opposed to the standard deviation of each window to further stabilize the estimate (Legendre and Legendre, 1998) . Areas of significantly higher density, equating to a difference of about 5 animals m ÿ3 off each of the three islands, in either the horizontal (along-shore) or vertical (depth) were defined as boundaries. The boundaries were mapped in a geographic information system (GIS). This method resulted in sharp patch boundaries, allowing the patches to be easily determined using the centroid method (Legendre and Legendre, 1998) . Unlike other spatial-averaging techniques, this ''sliding window'' method is relatively independent of the volume sampled by the transducer's beam. Rather than looking for the patch itself, this method looks only for the Figure 1 . A schematic of the Webster method (Webster, 1973) used to determine patch edges. The gray area represents a real patch of animals. The small dots show individual samples taken by the echosounder. A 2 m þ 2 m horizontal or vertical window, represented by the black boxes, was employed to determine discontinuities in density. The window was moved along-shore at each sampling depth and with depth on each echo return. The mean density in one 2-m window was subtracted from the mean density of the other and divided by the standard deviation of the entire sample. Edges of patches, represented by the large dots, were defined as areas with density significantly greater, a ¼ 0.05, than the background density as determined by a one-tailed t-statistic comparing the 2-m windows in the horizontal or vertical direction (Legendre and Legendre, 1998) . Because the windows are ''slid'' either horizontally or vertically with repeated comparisons, a progressive Bonferroni correction of a was used.
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Spatial dynamics of a nearshore, micronekton sound-scattering layer edges, making the scale of detectable patches determined by the size of the windows used and the intensity of the patch relative to the background, a factor which affects the statistical power. The choice of equal-size windows for both the vertical and horizontal directions provides different statistical power in the two dimensions, but it equates resolution for the determination of patch size. Because comparisons to determine horizontal edges were made between vertically adjacent areas, differences in statistical power due to the conical shape of the beam were negligible and were ignored. Vertical edges were determined within a single depth bin and no beam effects occur within a sample. However, the positions of vertical edges were corrected for beam effects as in Reid and Simmonds (1993) . For both edge determinations, the use of the standard deviation of the entire sample helps reduce the differences in statistical power, caused by differences in sampling volume and the degree of autocorrelation, in edge determination between depths. Differences in the sampling intervals, however, make fluctuation in the horizontal edges more detectable than variation in the vertical edges (see Figure 1) .
Patch characteristics for primary patches in the boundary community off Hawaii including mean density, maximum density, variance in density, maximum horizontal extent, maximum vertical extent, and distance to the nearest neighbor were measured with all horizontal measures presented being corrected for beam effects. Because of the consistent vertical extent of boundary-community patches at a given time and the distance from shoreline, the angle to the nearest neighbor for primary patches, which were all at the same depth was always zero. Also, because of the consistent vertical range of patches and patch shape, the area and circumference were simple mathematical permutations of horizontal and vertical extent and, because of colinearity, were not tested. A multiple analysis of variance was used to test the effects of time, distance from shore, and island on patch-geometric and -density characteristics. Previous work had determined that spinner dolphins significantly affected both the geometric and density characteristics of boundary-community patches (BenoitBird and Au, 2003) . Consequently, boundary-community patches containing spinner dolphins, as determined using the combination of passive acoustics, active sonar, and visual observations described in Benoit-Bird and Au (2003) were eliminated from the analysis.
Secondary heterogeneous regions (intra-patch heterogeneity) were characterized by their mean density, maximum density, variance in density, maximum horizontal extent, maximum vertical extent, area, perimeter, shortest distance to the nearest patch, and angle to the closest point in the nearest patch. Discontinuities within the boundary layer were characterized by their maximum horizontal extent, maximum vertical extent, distance to the nearest discontinuity, and angle to the closest point in the nearest discontinuity. Again, for gaps, area and perimeter were simple mathematical permutations of horizontal and vertical extent, and because of co-linearity, were not tested. Multiple analysis of variance was used to test the differences in patch characteristics between primary patches, areas of secondary heterogeneity, and gaps. Because animals within a patch and predators utilizing the patch experience all of its characteristics at once and may not distinguish between any one of them, all the characteristics were tested simultaneously using discriminant-function analyses. Within each level of heterogeneity, discriminant-function analysis was conducted first among all groups and then for only the effect of time and only the effect of distance from the shoreline, respectively.
The horizontal extent of patches and the secondary heterogeneity perpendicular from the shore were analyzed using single-factor analyses of covariance with time as a fixed factor and distance of the nearshore edge of the patch from the shoreline as a random factor. These results were compared with the along-shore horizontal sizes of the patches and sub-patches.
The distribution of patches
In order to look at the distribution of patches and secondary heterogeneous regions in the boundary community, distance to the nearest-neighbor methods was used with patch geometric centroid as the unit. Because acoustic sampling occurred beyond transects, a boundary strip of at least the expected distance to the first-nearest neighbor for a random distribution was included to limit bias. The Clark and Evans (1954) index of aggregation was calculated and the distribution was tested with Thompson's test (1956) , a modified chi-squared test, at a ¼ 0:05. This allows the distribution of patches to be tested as significantly greater than random, a uniform pattern, and significantly less than random, a clumped pattern. The distribution of the distances to the nearest-neighbors of primary patches off Hawaii and each level of secondary heterogeneity for all three islands for each group (time and distance from shore) were tested. The distribution between patch centroids and the second-nearest neighbor for secondary heterogeneity at all levels was tested in the same way. To look at the distribution only in the vertical and only in the horizontal dimension, the distribution of the centroids of patches in each direction was compared with the Poisson distribution using a coefficient of dispersion and the t-statistic. Bin size was 2 m vertically and 10 m horizontally. Primary patches off Hawaii could not be tested because each filled the entire vertical range of the boundary layer.
Vertical stratification
To look at vertical stratification in the scattering-layer strength, a single-factor ANOVA with 1-m depth bin as the factor was used. After a significant effect was found, Tukey's multiple-range statistic was used to determine which depth bins were homogeneous with neighboring 902 K. J. Benoit-Bird and W. W. L. Au depth bins ðP > 0:20Þ and which were significantly different ðP < 0:05Þ. Adjacent 1-m bins that were not significantly different from each other, but were significantly different from depth bins surrounding the homogenous region, were considered to be a layer.
Results
Spatial structure
Off northern Oahu and off Lanai, the boundary community extended in a layer over the surveyed area. There were discontinuities within the layer, but none penetrated through its entire vertical extent. Because the background density was not zero, patches were not distinct. Off the island of Hawaii and off southern Oahu, patches in the boundary community were distinct against a background density of zero ( Figure 2 ).
Patches
Looking first at the primary patches in the boundary community found off the island of Hawaii and off southern Oahu, a multivariate ANOVA showed that all characteristics (mean density, maximum density, variance in density, maximum horizontal extent, maximum vertical extent, and distance to the nearest-neighbor) were significantly different (P < 0:005 for all comparisons) as a function of distance from shoreline and time. There was also a significant interaction between time and the distance from shore for each boundary-community patch characteristic (P < 0:001 for all comparisons). Only vertical extent was significantly different between southern Oahu and Hawaii ðP < 0:005Þ. The changes in the characteristics of patches in the boundary community as a function of time and space are shown in Figure 3 . Discriminant-function analyses correctly classified most patches in the boundary community (Table 1) with regard to first, all groups, second groups differentiated only by time, and third, groups differentiated only by distance from the shoreline. Along-shore, horizontal extent of boundary-community patches changed significantly as a function of both time and distance from the shoreline (Figure 4 ). Boundary-community patches offshore were consistently about 25 m larger than inshore patches, though the size of both inshore and offshore boundary layer patches varied as a function of time. The horizontal extent of boundary-layer patches perpendicular from shore also varied significantly as a function of time and distance from shore (P < 0:001, P < 0:0001) with no significant interaction ðP > 0:05Þ. The mean horizontal size of boundary-layer patches measured at the same time was approximately the same both alongshore and perpendicular to shore ( Figure 5 ).
Gaps
Looking at the gaps found off the coasts of Lanai and northern Oahu, a multivariate ANOVA showed that there were significant differences in the vertical extent of the gaps in the boundary layer between the islands and as a function of distance from the shoreline and time (P < 0:01 for all comparisons). The pattern of the changes in vertical extent of gaps matched the patterns in the vertical range of the entire layer. No other gap characteristics varied significantly ðP > 0:05Þ. Discriminant-function analyses on gap characteristics as a function of time and distance from the shoreline, summarized in Table 1 , reveal that gaps are misclassified more than 70% of the time. This is consistent with the hypothesis presented in Benoit-Bird and Au (2003) that gaps are the result of foraging by spinner dolphins that use the same foraging tactics regardless of time and distance from shore.
Secondary heterogeneity
Secondary, or internal, heterogeneity in the boundary community was found off all three Hawaiian islands surveyed. Off Hawaii and southern Oahu where the overall animal density was lower, two levels of boundary-community heterogeneity smaller than an individual patch were found. Off Lanai and northern Oahu where the density was high and the layer continuous, four levels of secondary heterogeneity were found within boundary-community layers. The spatial scales of primary and secondary patches in the boundary community are shown in Figure 6 . Similar to primary patches, secondary heterogeneity 1 and 3 km from shore were not significantly different in their horizontal extent along-shore and perpendicular to shore (ANOVA, P > 0:05, observed power ¼ 0.79). Along-shore, horizontal extent did not vary as a function of time or distance from shore although it did vary with island ( Table 2) .
The characteristics of secondary levels of heterogeneity in the boundary community were analyzed using ANOVAs and are summarized in Table 2 . ''Island'' had a strong effect on the density characteristics of the first and second levels of boundary-layer heterogeneity as well as the horizontal and vertical size of these sub-patches. At the first level of boundary-community heterogeneity, similar differences were found between inshore-and offshoresampling sites; density characteristics, vertical extent, and area varied significantly. At the second level, only ''area'' varies significantly between inshore-and offshore-sampling locations. At the third level of secondary heterogeneity, there are no characteristics that vary significantly between inshore and offshore sites. ''Time'' significantly affected the density characteristics and the vertical extent of the first and second levels of secondary heterogeneity since they varied significantly as a function of sampling time. At the third level, only maximum density varied significantly as a function of sampling time, and at the fourth level, maximum density and area varied significantly as a function of time. Discriminant-function analyses of each level of heterogeneity for each island are summarized 903 Spatial dynamics of a nearshore, micronekton sound-scattering layer in Table 1 . Secondary heterogeneous regions in the boundary community at each island became categorized progressively less accurately with increasing levels of heterogeneity.
Distribution of patches
The distribution patterns of gaps, primary patches, and secondary heterogeneity of the boundary community are Figure 2 . An example of boundary-community patch fields off Lanai and northern Oahu (top) and Hawaii and southern Oahu (bottom) observed with the echosounder at inshore-sampling locations during the midnight sample. The intensity of shading in each patch is directly related to the mean density. The boundaries between shades of gray show points of significant change in density as determined via the Webster method (1973), connected using the centroid method, a linear-interpolation technique (Legendre and Legendre, 1998) . The patterns in these analyzed views were identical to those observed in calibrated, corrected echograms, but the analyzed views are clearer.
shown in Table 3 . Gaps off northern Oahu and Lanai were significantly aggregated at all times, both inshore and offshore. Primary patches off Hawaii and southern Oahu were clumped, uniform, or random inshore, and clumped offshore. All levels of boundary-community secondary heterogeneity off Hawaii and southern Oahu were randomly or uniformly distributed inshore and clumped or random offshore. Inshore at both northern Oahu and Lanai, areas of secondary heterogeneity were either random or uniform. Offshore, level 1 secondary heterogeneity off southern Oahu and levels 1 and 2 off Lanai were significantly aggregated at all three sampling times. Offshore at Lanai and northern Oahu, areas of secondary heterogeneity at all other levels of heterogeneity were randomly distributed. When looking separately at vertical and horizontal distributions, aggregation or uniformity in the horizontal dimension accounted for all the patterns observed in both the distribution of primary patches and all levels of secondary heterogeneity of the boundary community. The distribution of distances to the second-nearest neighbor for all levels of secondary heterogeneity in the boundary community was significantly clumped (Thompson's test on Clark and Evans index of aggregation, P < 0:05). In all cases, when vertical and horizontal distributions were assessed separately, only the horizontal, second-nearest neighbor distances were significantly clumped.
Vertical stratification
Vertical stratification in scattering-layer strength within the boundary community was not significant off the coasts of Hawaii and southern Oahu at any time either inshore or offshore. Off northern Oahu and Lanai, there was significant vertical stratification at all sampling times, both inshore and offshore (Figure 7 ). Strata ranged from 2 to 11 m high off Oahu and 2 to 15 m off Lanai. The number of significant 905 Spatial dynamics of a nearshore, micronekton sound-scattering layer strata varied from one to seven off Oahu, accounting for 30-62% of the entire layer. Off Lanai, the number of significant strata varied from five to seven and the stratified regions accounted for 40-52% of the entire depth range of the layer.
Discussion
Acoustic surveys of the distribution of the Hawaiian mesopelagic boundary-community biomass show that the community fits the hierarchical model of patch structure proposed by Kotliar and Wiens (1990) . The boundary community is found in a mosaic of patches within patches. A patch at a given scale has an internal structure of patchiness at a finer scale, and the mosaic containing that patch has a structure determined by patchiness at broader scales. Some experiments have been done to test the effects of hierarchical spatial distribution on pelagic animal behavior (see, for example, Thompson et al., 2001) . However, measurements of animals living in three-dimensional environments distributed in these hierarchical-patch patterns are few (Ives et al., 1993; Fauchald et al., 2000) . The information on the mesopelagic boundary community presented here will contribute to the understanding of hierarchical systems in the ocean, and because of the importance of this community to many predators, will be important to future development of applied foraging models.
The mesopelagic boundary community generally had high contrast with the background. Consequently, the outer boundaries of the boundary layer were discrete. Interestingly, the boundaries tended to be straight. This was true at the top and bottom edges of the layer that were at consistent depths within each sampling time. It was also true for the vertical edges which were found to vary in space by only a few meters in all cases. This is different from the characteristics of the edges of layers of mesopelagic micronekton observed by Greenlaw and Pearcy (1985) . The edges in volume-backscattering distributions that they observed tended to taper off relatively gradually, leaving indistinct edges that wavered on all sides of the layer.
The distance between patches in the boundary community ranged from 10 to 70 m (17-117 echoes) with no depth effect. In order for patches or other aggregations to be effective against predators, they must be farther apart than the perceptual distance of a predator (Brock and Riffenburgh, 1959) . Predators of the boundary community are primarily large, pelagic animals with well-developed vision. Some of its predators are marine mammals that probably utilize echolocation in prey searching (Norris and Dohl, 1980) . The distance between patches in the Hawaiian mesopelagic boundary community is much less than the sensory range of such predators. The distribution of boundary-community patches is probably beneficial to its predators. The costs of foraging in these closely spaced prey patches would be reduced because the intensity (density relative to the background density) of the patch represents the return to the predator, while the distance between patches represents the costs of obtaining the prey (Brock and Riffenburgh, 1959) . At least one of the boundary-community's predators, Stenella longirostris, specifically exploits the characteristics of boundarycommunity patches (Benoit-Bird and Au, 2003) . 907 Spatial dynamics of a nearshore, micronekton sound-scattering layer Variation in the geometric and density characteristics of patches and sub-patches in the boundary community, as a function of sampling time and distance from the shoreline, were predictable at the largest scales and unpredictable at the smallest scales observed. Time affected the characteristics of spatial patterns more than distance from the shoreline. For both patches and sub-patches, geometric characteristics were more important than density characteristics for correctly classifying boundary-community distributions into inshore versus offshore groups. Offshore patches and sub-patches were consistently larger, both along and across the slope, than inshore patches. Density characteristics were more important for separating these aggregations by sampling time. The high densities found nearshore, probably due to packing as the mesopelagic animals avoid the bottom, were highly predictable. These differences in aggregation characteristics as a function of the migrations of the boundary community are consistent between islands and times of the year. This predictability probably affects the effectiveness of mesopelagic animals as predators and influences their population dynamics. The predictability also potentially allows predators to Figure 7 . Samples of the vertical distribution of scattering-layer strengths for each island's offshore sites taken at 2100 h. The dashed line represents the overall average scattering-layer strength. Gray areas represent significant strata in scattering-layer strength. appropriately alter their foraging strategies to match the distributional patterns of their prey. The overall distribution pattern of the mesopelagic boundary community at Lanai and northern Oahu, where the boundary community was distributed in a layer, was very different from the pattern off Hawaii and southern Oahu where it was distributed in discrete patches. Because these differences existed along a single shoreline off Oahu, they were not associated specifically with inter-island differences. Distributional changes were associated with changes in animal density-locations with high animal density have boundary-community layers, and locations with low animal density have patches. Off Oahu, there appeared to be a density threshold at which animal distribution changes. Instead of being spread out evenly with reduced overall density when animal abundance was lower, the animals in the boundary community were aggregated in patches of higher density. The reasons for this aggregation are probably related to the constraints of both prey capture and predator avoidance (Brock and Riffenburgh, 1959; Krause and Godin, 1995; Boyd, 1996) .
Within the high-density layers found off Lanai and northern Oahu, narrow, vertical gaps were commonly found approximately 25 m apart (Benoit-Bird and Au, 2003) . In most marine systems, gaps in the distribution of organisms usually arise from interactions between topography and a combination of physical and biological processes including physical advection, vertical-migration behavior, and predation (see, for example, Isaacs and Schwartlose, 1965; Genin et al., 1994) . It has generally been concluded that physical rather than biological processes dominate gap formation in oceanic systems . However, the gaps in the Hawaiian mesopelagic boundary community in the present study are extremely small-less than a few meters wide-and much smaller than gaps formed primarily as a result of topography (Haury et al., 2000) . Within the mesopelagic boundary layer in Hawaii, we have observed a strong association between gaps and dolphin predators. Spinner dolphins feed cooperatively and form distinct, highdensity areas within the prey field (Benoit-Bird and Au, 2003) . The observations of the effects of dolphin predation on the boundary layer, the lack of correlation of gaps with topographic features, and the ability of mesopelagicboundary animals to move kilometers despite tides and currents suggest that predation, not physical forcing, dominates the formation of gaps.
Differences in overall mesopelagic-animal density affected not only the scales at which the boundary community was found (larger scales with greater density) but also the level of complexity. Northern Oahu and Lanai, the higher-density sites, had more complex spatial structure in the mesopelagic boundary community than Hawaii or southern Oahu, the lower-density sites. The high-density sites had more total levels of patchiness than the lowdensity sites and more levels of patchiness within the same range of spatial scales.
The horizontal and vertical structures of the Hawaiian mesopelagic boundary community are coupled. The large differences in distribution observed as a function of overall animal density are also correlated with differences in vertical-acoustic structure. In the lower-density sites of southern Oahu and Hawaii, vertical-acoustic structure was absent. In the higher-density sites of northern Oahu and Lanai, strong, vertical layering in acoustic-scattering strength was evident inshore and offshore, at all sampling times. Vertical layering in acoustic-scattering strength of midwater animals has also been observed in the Gulf of Mexico and Caribbean Sea (Baird and Wilson, 1977) . While it is impossible to identify species from acoustic scattering alone, and density differences may confound differences in acoustic scattering, it appears that vertical layering in the mesopelagic layer is related to species composition and size differences. For example, video-work and trawling with the Multiple Opening and Closing Net Environmental Sensing System (MOCNESS) carried out simultaneously with acoustic surveys show that shrimp species are found more often in deeper layers . The vertical structure of the boundary layer, or lack of it, probably affects the foraging tactics employed by predators and influences the population dynamics within the boundary community.
Differences in the overall mesopelagic-animal density of the boundary community also affected the spacing of aggregations. Both patches and sub-patches were more likely to be aggregated at lower densities and uniformly distributed at higher densities. Uniform spacing is usually associated with biological phenomena (Sandulli and Pinckney, 1999) . Of course, the conclusions about uniformity are usually applied to individuals, not aggregations of individuals. However, the spacing of a cluster of animals potentially working in concert is probably related to causes similar to those underlying the distribution of individual animals. The aggregation of aggregations, rather than a random distribution of these patches, is probably related to the same factors as those affecting the overall distribution of animals at lower densities, predation efficiency and predator avoidance.
The patterns observed in the distribution of the mesopelagic boundary community as a function of overall mesopelagic-animal density suggest that biological forcing mechanisms are the dominant influence. The biological mechanisms probably act in concert with, and are indirectly affected by, physical forcing. The focus of study by oceanographers on spatial patterning of plankton in the ocean has led to an emphasis on physical forcing as the underlying process producing patchiness (but see Folt and Burns, 1999) . For example, in a review of patchiness in the ocean and its causes, less than one page was devoted to the description of biological causes, while more than ten pages were dedicated to physical causes (Steele, 1976) . Competition, predation, and parasitism, categorized as ''coactive processes'' by Hutchinson (1961) , are still by far the least 911 Spatial dynamics of a nearshore, micronekton sound-scattering layer understood of the biological mechanisms of patch formation at any spatial or temporal scale (Haury et al., 1978) . The boundary community is found in densities so high as to cause significant negative consequences in respiration and resource acquisition for individual animals. It is also a significant prey resource for many predators (Norris and Dohl, 1980; Haight et al., 1993; He et al., 1997; Skillman, 1998) . Coactive forces are probably the primary forces acting within the Hawaiian mesopelagic boundary layer. It is clear that animals capable of movement over great distances despite the physical environment are capable of driving spatial patterning at both small and large spatial scales. Communities of mesopelagic micronekton, particularly those found in the accessible and relatively heterogeneous boundary region, are good systems in which to study the causes of patchiness in the ocean in organisms larger than plankton. Such study will probably clarify the importance of biological processes in structuring the distribution of biomass in the ocean. However, future work on underlying patch forcing will undoubtedly require information on species distributions. To study competition and resource utilization, we need to know how similar patches are with respect to species composition.
The variety and sheer number of predators that forage upon the mesopelagic boundary community in Hawaii (Norris and Dohl, 1980; Haight et al., 1993; He et al., 1997; Skillman, 1998) indicate the importance of this community to both nearshore and open-ocean predators. However, patchiness in the Hawaiian mesopelagic boundary community has probably affected previous estimates of its abundance and biomass (Clarke, 1973; Reid, 1994) , impacting our views of the community's importance. Because aggregated spatial pattern is such a widespread phenomenon, there is little question of its ecological and evolutionary importance (Haury et al., 1978) . An understanding of the spatial pattern in the mesopelagic boundary community has the potential to help us understand the adaptations these animals have undergone to live in the narrow zone between the oceanic and neritic systems. Ecological processes often depend on the pattern as well as the absolute density of resources (Mangel and Adler, 1994) . Consequently, a description of heterogeneity in the mesopelagic boundary community in Hawaii is the first step in understanding its importance to both neritic and oceanic ecosystems and its potential for linking these two systems.
